Stress affects the welfare of billions of animals in food production worldwide. It may cause behavioral disorders and increase the risk of disease ([@bib29]), both of which have direct consequences for humans. For example, disease control in farm animals is an important contributor to the dramatic increase in antibiotic resistance, which in turn is one of the major threats to human health ([@bib42]). Hence, understanding the biological foundation of the stress response is of central importance from both a scientific and a practical perspective.

Domestication, the process whereby animals genetically adapt to a life under human auspices ([@bib38]), fundamentally changes their physiology and behavior. In general, domesticated animals are less fearful and more tolerant of many environmental challenges compared to their wild ancestors ([@bib27]). This includes modifications in the stress responses, for example, reduced HPA reactivity as shown in several species ([@bib17]; [@bib55]; [@bib31]; [@bib60]). Domesticated animals are fully able to breed with their wild ancestors. This offers a powerful tool to dissect the genetic mechanisms involved, by mapping the segregation of traits involved in the stress response.

Stress can be defined as a state of threatened homeostasis, which leads to physiological and behavioral alterations ([@bib32]). The stress response includes activation of the sympathetic nervous system (SNS) and the HPA axis \[reviewed by [@bib50]\]. While considered as a way to cope with challenging situations, long-term chronic stress may lead to pathophysiological consequences ([@bib32]). The general pattern of the stress response is highly conserved and similar among vertebrates, although the intensity has been modified during domestication. Following an acute stress exposure, release of hypothalamic corticotropin-releasing hormone (CRH) and other peptides into the pituitary leads to increased transcription of proopiomelanocortin (*POMC*) and the release of adrenocorticotropic hormone (ACTH) into the bloodstream. The production and release of the main categories of stress hormones, catecholamines and glucocorticosteroids, take place in the adrenal medulla and cortex, respectively. Furthermore, the adrenal gland is the main source of many other steroids including PREG, DHEA, and aldosterone ([@bib6]), which are also affected by stress. Individual corticosterone responses are consistent when age and environment are comparable, with a heritability estimate of 0.25--0.35 in several avian species ([@bib10]; [@bib44]; [@bib26]; [@bib18]).

The molecular basis of the stress response can be dissected by means of genetic mapping, where QTL analysis takes the polygenic nature of the stress into account. Earlier studies have reported QTL for both anxiety-related behavior and physiological stress in mice ([@bib24]), rats ([@bib3]; [@bib48]), and salmonids ([@bib16]). Domestication offers a strong opportunity for this method, and domesticated animals have previously been successfully used to map the genetic architecture of various complex traits ([@bib4]; [@bib22]). In the present study, we focus on chickens to unravel the genetic mechanisms involved in domestication-related modifications of the stress response. Chickens were domesticated from their ancestors, the Red Junglefowl, about 8000 yr ago ([@bib54]), and are the most widespread food-producing animals on earth today.

Using an advanced intercross between domesticated White Leghorn egg layers and ancestral Red Junglefowl, we have previously reported QTL and eQTL for, *e.g.*, anxiety-related behavior ([@bib61], [@bib63]; [@bib45], [@bib46]; [@bib28]). Furthermore, previous studies have shown significant differences in the endocrinological stress responses, hypothalamus, and adrenal gene expression between Red Junglefowl and White Leghorn ([@bib17]; [@bib19]; [@bib34]). Hence, the aim of this study was to use QTL analysis in the same advanced intercross line to investigate the genetic architecture of the stress response modifications caused by domestication. To do so, we used combined phenotypic QTL mapping with eQTL mapping of relevant genes in the relevant tissues to search for overlapping genomic regions. This allows an efficient localization of potential candidate genes. As the final step, we looked for correlations between expression levels of the identified genes and hormone levels, which provided a final list of strong candidate genes.

Materials and Methods {#s1}
=====================

Ethical statement {#s2}
-----------------

All experimental protocols were approved by Linköping Council for Ethical Licensing of Animal Experiments, ethical permit no 122-10. Experiments were carried out in accordance with the approved guidelines.

Animals and sample collection {#s3}
-----------------------------

A total of 232 birds from the 12th generation of an intercross between domesticated White Leghorn and ancestral Red Junglefowl were used. The birds were kept until final sampling at 6 wk of age, at which point they were killed for tissue sampling. The original cross was previously described in detail by [@bib45] and [@bib61]. Briefly, the intercross was generated by crossing one Red Junglefowl male and three White Leghorn females to get 41 F1 and then 821 F2 animals. The subsequent generations were maintained at population sizes of more than 100 chickens per generation with designed pedigrees to minimize loss of genetic diversity. The animals of the present study were hatched in four batches from a total of 30 families. A total of 88 animals were used in the eQTL mapping (the same birds were also used for hormone measurement). The birds were kept in groups of around 80 birds in 4 m^2^ pens with *ad libitum* access to food and water. The weight and metatarsus length were measured at hatching and at 6 wk of age. Blood samples were collected at baseline levels and, after 15 min of restraint in a hanging net, using methods previously described in detail ([@bib19]). The blood samples were kept on ice, and then centrifuged at 2000 rpm for 5 min to collect the plasma. The plasma samples were stored at −80° until analysis. Immediately after the second blood sampling, the animals were decapitated, the brain area containing the hypothalamus was dissected as described previously ([@bib33]), and the adrenal glands were removed. The tissue samples were snap frozen in liquid nitrogen and kept in a −80° freezer until further analysis.

Hormonal analysis {#s4}
-----------------

Hormones were analyzed with Ultra-Performance Convergence Chromatography (UPC2; Waters ACQUITY UPC2, Milford, MA) hyphenated with tandem mass spectrometry (XEVO TQ-S, Milford, MA). The qualitative analysis was performed at 40° using an Acquity UPC2 BEH column (100 mm, 3.0 mm, 1.7 µm; Waters). DHEA, PREG, corticosterone, aldosterone, and the internal standards DHEA-d2 and CORT-d8 were purchased from Steraloids Inc. (Newport, RI). Methoxyamine hydrochloride, the internal standard PREG-13C2-d2, LC grade highest purity solvents and chemicals were obtained from Sigma-Aldrich (Stockholm, Sweden), unless otherwise stated. Steroid extraction and derivatization were performed according to a previous method ([@bib19]). In brief, 100 µl of chicken plasma was mixed with the internal standard mixture. Steroids were extracted with tert-Butyl methyl ether, gently vortexed for 15 min, and then centrifuged. The collected supernatant was dried under a stream of nitrogen gas. The extracted steroids were derivatized into methoxyamine by incubation at 60° for 45 min; excess reagents were dried under nitrogen. The derivatives of steroids were reconstituted in methanol. Samples were kept at −20° prior to analysis by supercritical fluid chromatography. [@bib19] previously reported the detailed methodology and separation conditions. Quantification was achieved using an isotope dilution technique. Duplicate injections of each sample were performed and the average values were reported (CV \< 20%).

RNA extraction and gene expression {#s5}
----------------------------------

RNA was extracted from the frozen brain and adrenal tissues using an AllPrep DNA/RNA Mini Kit (QIAGEN, Germany), and the potential residual DNA was digested on-column using a RNase-Free DNase Set (QIAGEN) during extraction according to the manufacturer's instructions. The RNA quality was checked with an Agilent 2100 Bioanalyzer and all the RIN values were above nine. The single-stranded cDNA was prepared using a Maxima First Strand cDNA Synthesis Kit for quantitative real-time PCR (RT-qPCR) (Thermo Fisher Scientific) using 2.5 µg total RNA as the template. The list of genes within the C.I. of all genome-wide significant QTL was overlapped with the list of genes that were previously found to be significantly expressed in the adrenal glands ([@bib19]) or the hypothalamus ([@bib34]) between White Leghorn and Red Junglefowl. Genes were then selected if they were located within the QTL C.I. and concurrently were differentially expressed in the adrenal or hypothalamus of White Leghorn and Red Junglefowl, as previously measured using microarrays. For corticosterone QTL on chromosome 5, six genes were measured in the adrenal gland, and for the aldosterone QTL, expression levels of one gene in the hypothalamus and eight genes in the adrenal gland were measured. We also measured expression levels of seven genes in the adrenal glands DHEA QTL. The list of all measured genes as well as their genomic location is presented in Supplemental Material, [Table S1](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S1_Table.xlsx). Specific primers were designed using primer3 ([@bib57]) and were blasted against the chicken genome using the NCBI primer blast tool to avoid multiple amplification. If possible, the primers were selected to be on exon/intron boundaries to evade amplification of potential residual genomic DNA. The specificity of primers was confirmed by observing a single band of PCR product by gel electrophoresis and by inspecting the melting curve in a Light Cycler. The reactions were performed in a Light Cycler 480 (Roche Diagnostics, Basel, Switzerland). Each reaction included 2 µl water, 1 µl of each forward and reverse primers (0.5 µM), 125 pg cDNA diluted in 1 µl water, and 5 µl SYBR Green I Master (Roche Diagnostics). The following RT-PCR reaction was performed: 5 min at 95° activation followed by 45 cycles of 10 sec at 95°, 10 sec at 60°, and 20 sec at 72°. The crossing point values were normalized over TATA box binding protein (TBP) as housekeeper. The relative expression difference between the individuals was measured according to the method developed by [@bib37].

Genetic map and QTL analysis {#s6}
----------------------------

DNA was extracted from the blood samples using a DNeasy Blood & Tissue Kit (QIAGEN) according to the manufacturer's instructions. Genotyping was performed by Illumina Golden Gate in Uppsala sequencing and SNP platform. To construct the genetic map with a total length of 18,500 cM and average spacing of 26 cM, 739 genetic markers were used. Map construction and QTL mapping was conducted with R/qtl ([@bib9]). SNPs were selected based on a previously obtained panel of 10,000 SNPs on parental birds and all used SNPs were fixed in F0. The map size in F2 was ∼3000 cM and was expanded to ∼9000 cM in the F8. Theoretically ([@bib13]), the map expansion is within expectation for an F12 generation considering the length of the F2 map. To detect single QTL, we examined the data with interval mapping and Haley--Knott regression ([@bib23]). Interval mapping was performed using additive and additive + dominance models. Plasmic levels of steroids and the normalized gene expression values were treated as quantitative phenotypes. Sex and batch were included in every analysis as fixed effects. To deal with the family structure in advanced intercross, at first a principal component analysis (PCA) of the genotype matrix was performed and the 10 strongest principal components (PC) were included in each regression model as covariates, and were tested for significance ([@bib64]). All significant PCs were included in the final model. The significance thresholds for each trait were calculated with permutation tests, using 1000 permutations based on the full F12 map for each trait and model. A genome-wide 20% *p*-value cut-off was used for suggestive QTL, and *p*-values ≤ 5% were reported as significant QTL ([@bib11]). For each QTL, 95% C.I. were calculated with a 1.8 LOD drop method (*i.e.*, where the LOD score on each side of the peak decreases by 1.8 LOD) ([@bib30]). The C.I. are extended to the closest marker to the 1.8 LOD drop. The physical location of the closest marker to the 95% C.I. for each QTL is reported in the chicken genome (galGal4 genome assembly). To analyze the effect of gene expression on hormone levels, a regression model with corticosterone response as dependent variable and transcription levels of measured genes as fixed factor was fitted (corticosterone response ∼ transcription levels + sex + batch + relatedness). The *p*-values were adjusted for multiple testing for all regression tests, with FDR correction. To further support the argument of causality, we fitted a regression model between gene expression and hormone levels and used genotypes at the nearest pseudomarker (obtained by using function makeqtl in the rqtl package) as a covariate in the model (transcription ∼ hormone + QTL+ sex + batch + relatedness). If the QTL marker has the main effect on both gene expression and hormonal response, we can expect to get nonsignificant or diminished estimates for the regression between hormones and gene expression, and the QTL marker should remain as the major model predictor.

Data availability {#s7}
-----------------

[Table S1](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S1_Table.xlsx) and [Table S2](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S2_Table.xlsx) contain QTL statistics, and the centimorgan and physical location of all QTL and eQTL. [File S1](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S1_File.csv) includes genotypes for all markers and the measured phenotypes. [File S2](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S2_file.csv) contains the ID and physical location of all markers in the chicken genome (galGal4 genome assembly).

Results {#s8}
=======

In crosses between ancestral Red Junglefowl and domesticated White Leghorn chickens, we used brief physical restraint as an acute stressor and measured the baseline and postrestraint levels of a number of steroids using tandem mass spectrometry. The experiment comprised 232 birds from the F12 generation of an advanced intercross, genotyped on 739 genetic markers throughout the genome. We mapped both the QTL associated with variations in hormone levels ([Figure 1](#fig1){ref-type="fig"} and [Table S2](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S2_Table.xlsx)), as well as the QTL coupled to expression levels of the subset of genes that were located in the hormone QTL and that were also significantly differentially expressed in the adrenal glands or hypothalamus of the parental White Leghorn and Red Junglefowl at the same time ([Table S1](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S1_Table.xlsx)). The gene expression analysis was conducted on 88 genotyped birds. By overlaying the hormone level QTL with the eQTL, we identified loci associated with both. We then analyzed the correlations between the expression levels of candidate genes and the hormone responses. Significant correlation coupled with colocalization of QTL and eQTL was interpreted as a strong indication that we had identified a likely causative gene. The raw *p*-values were Bonferroni adjusted to correct for multiple testing for all pairwise tests conducted for each region ([Table S1](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S1_Table.xlsx)).

![Genomic location of all detected QTL and eQTL. The width of the bars represent 95% C.I. obtained by 1.8 LOD drop. The C.I. are extended to the closest markers. The physical locations of markers were used to draw the figure. The relevant statistics are provided in [Table S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.037721/-/DC1/TableS1.xlsx) and [Table S2](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.037721/-/DC1/TableS2.xlsx). DHEA, dehydroepiandrosterone; eQTL, expression quantitative trait loci; LOD, logarithm of the odds; QTL, quantitative trait loci.](497f1){#fig1}

We found a QTL with large additive effects on both body weight and metatarsus length on chromosome 1, 34,741,424 (location of the closest marker to the QTL peak), and another with additive effects on body weight on chromosome 3, 29,811,624 ([Figure 1](#fig1){ref-type="fig"} and [Table S2](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S2_Table.xlsx)). These QTL were situated at the same positions as previously reported ([@bib62]; [@bib25]). A significant QTL for corticosterone response (difference between post- and prerestraint) was detected on chromosome 5, and suggestive QTL for the same trait were found on chromosomes 7 and 17. Together, these three QTL explained 22.9% of the variance in corticosterone response ([Figure 1](#fig1){ref-type="fig"} and [Table S2](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S2_Table.xlsx)). The QTL on chromosome 5 and 7 both had dominance effects, with the QTL on chromosome 7 having increased response levels associated with the White Leghorn allele ([Table S2](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S2_Table.xlsx)). The QTL on chromosome 17 showed higher response associated with the Red Junglefowl allele, as well as an interaction between genotype and sex. No significant QTL was detected for baseline levels of corticosterone or PREG. Furthermore, a significant QTL for baseline levels of DHEA was detected on chromosome 4 (explaining 4.9% of the variance), and two significant QTL were detected for postrestraint levels of aldosterone on chromosomes 2 and 5, together explaining 19.3% of the variance in stress-induced levels ([Figure 1](#fig1){ref-type="fig"} and [Table S2](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S2_Table.xlsx)).

As a further attempt to identify candidate genes, we examined the genome region covered by the C.I. of all significant QTL for corticosterone response, aldosterone, and DHEA. Each region contained a total of 35--95 genes ([Table S1](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S1_Table.xlsx)). We compared the gene list to the findings of our previous experiments ([@bib19]; [@bib35]), where we used microarrays to identify genes differentially expressed in the brain and the adrenal tissue when comparing purebred Red Junglefowl with White Leghorn. There was only one overlapping gene in the brain, but several genes appeared on the list of differentially expressed genes in the adrenal glands ([Table S1](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S1_Table.xlsx)) for each QTL. We measured the expression of 22 overlapping genes in the adrenal glands or brain using RT-qPCR, and then performed eQTL analysis for each of them. Of the six candidate genes underlying corticosterone response on chromosome 5, only *SERPINA10* had a significant eQTL located in the region examined. In addition, the expression of this gene correlated significantly with the corticosterone response (*r* = 0.32 and *p* = 0.003) ([Figure 2](#fig2){ref-type="fig"} and [Table S1](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S1_Table.xlsx)). Next, we fitted a regression model between gene expression and corticosterone with the QTL marker as a covariate. The estimated effects for the QTL were still significant (*r*^2^ = 0.13 and *p* = 0.0006), but the estimated effect for the regression between gene expression and corticosterone was no longer significant (*r*^2^ = 1.2 and *p* = 0.2).

![Genotype effect on transcription and hormone level. Effect of genotype of the closest marker to the corticosterone QTL peak (chromosome 5: 48,303,445) on the plasma levels of corticosterone (A) and on expression levels of *SERPINA10* in the adrenal glands (B). Bars in (A) and (B) represent the mean. RJF represent the homozygous locus for the Red Junglefowl allele, WL represents the homozygous locus for the White Leghorn allele, and HZ represents the heterozygous locus. Partial LOD curves of corticosterone response and *SERPINA 10* expression in adrenal glands (C). Linear relation between expression levels of *SERPINA10* in adrenal glands and plasma levels of corticosterone (D). LOD, logarithm of the odds; QTL, quantitative trait loci.](497f2){#fig2}

Next, we applied the same method to identify the candidate gene(s) underlying the QTL for aldosterone and DHEA. Three potential candidate genes for the aldosterone QTL on chromosome 2 were found in the list of differentially expressed genes in the brain or adrenal glands (two in adrenal glands and one in brain). Of these three candidate genes, only phosphodiesterase 1C (*PDE1C*) had a significant eQTL. The expression of *PDE1C* in adrenal glands was also significantly correlated with the aldosterone levels (*r* = −0.27 and *p* = 0.01) ([Figure 3](#fig3){ref-type="fig"} and [Table S1](http://www.g3journal.org/content/suppl/2016/12/10/g3.116.037721.DC1/S1_Table.xlsx)). Then, a regression model between gene expression levels of *PDE1C* and aldosterone with the QTL marker as a covariate was fitted. The estimated effects for the QTL were the main model predictors (*r*^2^ = 0.22 and *p* = 7.5 e^−6^), and the estimated effect for the regression between gene expression and aldosterone was also significant (*r*^2^ = 0.12 and *p* = 0.0003).

![Genotype effect on transcription and hormone level. Effect of genotype of the closest marker to aldosterone QTL peak (chromosome 2: 48,799,369) on the plasma levels of aldosterone (A) and on expression levels of *PDE1C* in adrenal glands (B). Bars in (A) and (B) represent the mean. RJF represents the homozygous locus for the Red Junglefowl allele, WL represents the homozygous locus for the White Leghorn allele, and HZ represents the heterozygous locus. Partial LOD curves of corticosterone response and *PDE1C* expression in adrenal glands (C). Correlations between expression levels of *PDE1C* in adrenal glands and plasma levels of aldosterone (D). LOD, logarithm of the odds; QTL, quantitative trait loci.](497f3){#fig3}

We measured adrenal expression of six potential candidate genes for the aldosterone QTL on chromosome 5, but none of the measured genes showed overlapping eQTL. Among the six candidate genes in the QTL for DHEA on chromosome 4, acid-sensing ion channel subunit family member 5 (*ASIC5*) was the only gene with a significant overlapping eQTL, but the expression of *ASIC5* was not correlated with plasma levels of DHEA.

Discussion {#s9}
==========

Our results show that domestication has modified the stress response in chickens by changes in parts of the genome involved in the control of the HPA axis. In particular, we suggest that the genes *SERPINA10* and *PDE1C* are strong candidates for this effect, although our present results do not allow us to pinpoint any potential causal mutations. The fact that the genes are differentially expressed when ancestral Red Junglefowl is compared to domesticated White Leghorn, and the fact that the gene expression effect can be mapped back to the physical location of the genes, indicates that the effects observed on corticosterone reactivity is most likely caused by mutations in the regulatory regions of the gene. This represents the first identification of putative causative genes involved in the domestication of the stress response in chickens.

Previously, we have shown that domesticated chickens have a less pronounced acute corticosterone response than their progenitors, but take longer to recover ([@bib17]). This was also the case when comparing behavioral reactions. In the present study, we detected one significant and two suggestive QTL for the corticosterone response. However, the direction of the effect for the significant QTL for the corticosterone response was opposite to that seen in the purebred birds, in the sense that the White Leghorn allele was associated with higher levels of corticosterone response. The occurrence of QTL with opposite effects in intercrosses is observed occasionally, and is often a consequence of recombination between lines that are fixed for a set of alleles with opposite direction within each line ([@bib40], [@bib41]).

In general, colocalization of expression QTL and phenotypic QTL, accompanied by correlation between gene expression and phenotype, is regarded as strong evidence that the candidate gene is causing the QTL ([@bib15]). Our results suggest that the *SERPINA10* gene is the most probable candidate gene underlying the corticosterone response QTL on chromosome 5. This gene was the only one of the candidates with an adrenal eQTL overlapping the corticosterone QTL, and at the same time the relative expression of the gene was correlated to the levels of corticosterone in plasma.

Serpins (serine protease inhibitors) are proteins with many functions, including hormone transport, protease inhibition, and involvement in secretory pathways. In mammals, *SERPIN1* and *SERPIN10* are suggested to be involved in protease inhibition and the regulation of secretory pathways ([@bib39]; [@bib53]). In chickens, *SERPINA10* is located in a region containing a cluster of related clade A *SERPIN* genes, with homologous regions in other vertebrates ([@bib20]; [@bib59]). QTL in this region have previously been reported for corticosterone response in rats and pigs ([@bib48]; [@bib14]). In both these species, *SERPIN6*, which codes corticotrophin-binding globulin (CBG), was speculated to be the main candidate gene based on function ([@bib8]). In birds, although the CBG protein is found in plasma ([@bib8]), the CBG gene is not annotated, but it has been suggested that *SERPIN4* is homologous with *SERPINA6* in chicken ([@bib59]). It is also striking that *SERPINA10* is located very close to a selective sweep associated with domestication in chickens ([@bib43]), which is in-line with the suggestion that the gene has been important in modifying the stress reaction during domestication.

Of the other seven genes located within the C.I. of the corticosterone QTL on chromosome 5, three have a known biological function, which makes them potential candidates as well. *VRK1* is an early stress response gene belonging to the family of serine--threonine kinases. *VRK1* is involved in the phosphorylation of transcription factors related to the stress response. This phosphorylation leads to accumulation of c-Jun and c-Fos proteins in the cell, which represents a central signaling pathway ([@bib58]; [@bib47]). A second potential candidate, bradykinin B2 Receptor (*BDKRB2*), mediates the effect of bradykinin during the stress response and is involved in catecholamine biosynthesis. [@bib36] showed that the expression levels of *BDKRB2* increase in the adrenal medulla of rats after restraint stress. The third potential candidate is *AK7*, which is a member of the adenylate kinase family. These three genes are also found in QTL regions for HPA-activity in rats ([@bib48]) and pigs ([@bib14]), suggesting that this genetic region mediates stress reactivity in several vertebrates. Although none of these genes had eQTL coinciding with a corticosterone QTL, and none showed a significant correlation between expression and corticosterone levels, they may be of central importance for the stress response and may, for example, play a part in modulation of *SERPINA10* expression in adrenal glands.

There were two significant QTL on chromosome 2 and 5 related to postrestraint levels of aldosterone. This hormone increases in response to a variety of stressors including restraint ([@bib51]; [@bib1]) and has a crucial function in retaining salt and water balance during stress. We found one candidate gene for aldosterone response on chromosome 2, *PDE1C*. The main function of cyclic AMP (cAMP) phosphodiesterases (PDEs) is to degrade cAMP, a widespread second messenger ([@bib56]). The cAMP/protein kinase A (cAMP/PKA) pathway is the central signaling pathway in the regulation of StAR activity and steroidogenesis. The level of cAMP in cells is determined by its synthesis rate via adenylyl cyclases (ACs), as well as its degradation rate via PDEs. cAMP PDEs are involved in the regulation of steroidogenesis by modulation of the cAMP/PKA transduction pathway ([@bib52]; [@bib12]). Multiple PDE isoenzymes with specific functions, cell type expression, and regulation are recognized ([@bib5]). PDEs can also have inhibitory effects on the cAMP-dependent PKA transduction pathway and, hence steroidogenesis by degradation of cellular cAMP ([@bib52]; [@bib5]).

We were unable to identify any candidate gene for aldosterone on chromosome 5. The QTL may thus be caused by protein changing mutation(s) or DNA variants influencing post-transcriptional mechanisms. Several studies have reported protein-specific QTL with no effect on mRNA abundance \[reviewed by [@bib2]\]. Another possibility is that a DNA variant in the aldosterone QTL on chromosome 5 may contain *trans*-regulatory elements that affect the aldosterone levels by modifying the expression of one or several distant genes.

We also discovered a significant QTL for the levels of DHEA, which is suggested to be involved in aggression and social behaviors in birds ([@bib49]; [@bib21]; [@bib7]). Among the potential candidate genes underlying the QTL, *ASIC5* had a significant overlapping eQTL, but no correlation was found between *ASIC5* expression in the adrenal glands and DHEA. Hence, we were not able to identify any strong candidate for this hormone.

In conclusion, we found several QTL regions involved in modifications of the stress response that have occurred during chicken domestication. Our results specifically suggest that *SERPINA10* and *PDE1C* may be strong candidate genes affecting the differences between ancestral Red Junglefowl and domesticated White Leghorn chickens.

Supplementary Material {#S10}
======================

Supplemental material is available online at [www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.037721/-/DC1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.037721/-/DC1).

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

The project was supported by grants to P.J. from the Swedish Research Council (SRC) (Vetenskapsrådet) 621-2011-4731, the Swedish Research Council for Environment, Agricultural Sciences and Spatial Planning (Forskningsrådet för Miljö, Areella Näringar och Samhällsbyggande) 221-2011-1088, and the European Research Council (project Genewell 322206), and to J.B. via SRC grant VR 621-2011-4423, 2015-4870. It was carried out under the auspices of the Swedish Centre of Excellence in Animal Welfare Science.

Author contributions: A.F. performed the experiments, analyzed the data, and wrote the paper with input from all other authors. N.d.K., S.J.K.A.U., and J.B. performed the hormone analyses. M.J., L.B., and D.W. assisted in the genetic analysis. P.J. conceived, coordinated, and supervised the experiment.

Communicating editor: D. J. de Koning
